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transistors (FETs), [1] [2] [3] [4] [5] [6] [7] [8] exceeding those of amorphous silicon. The strong electron-withdrawing character of DPP units also causes DPP polymers to absorb near infrared light and their absorption spectra cover a significant part of the solar spectrum. As a result, DPP-based polymer solar cells (PSCs) can provide high photocurrents above 20 mA cm -2 [9, 10, 11] and achieve excellent power conversion efficiencies (PCEs) > 8%. [11, 12, 13] Compared to other high performance polymer semiconductors, DPP polymers show significantly less synthetic complexity. [14] All these merits indicate that DPP polymers have great potential for large-area industrial application. However, an important drawback of DPP polymers for FETs and PSCs is that the film formation requires the use of a chlorinated solvent, such as chloroform (CHCl3), chlorobenzene, or ortho-dichlorobenzene (o-DCB), resulting in detrimental effects on the environment. Therefore, it is urgent to design new DPP polymers that can be solutionprocessed from non-chlorinated solvents for organic electronic thin film devices.
The repeat unit of DPP polymers generally comprises four different principal components: the DPP unit, flanked by two adjacent aromatic substituents, a central π-conjugated segment, and solubilizing alkyl chains on the lactam ring. The aromatic substituents originate from the aromatic nitrile precursors that are used to synthesize the DPP core, which does not exist as a unit by itself . [15] The solubility of the polymers is determined by their chemical structure, in which the length of the side chains [ 16 -18 ] and the size of conjugated segment are important parameters. [19] Long branched alkyl chains attached to the lactam ring of DPP enhance the solubility of the conjugated polymer and decrease the π-π stacking, promoting the hole mobilities in FETs. [7] However, the change of side chain length has little influence on the polarity and non-covalent interactions of the polymer backbone that prevent the polymer to become soluble in less-polar solvents, such as toluene. Furthermore, DPP polymers with long alkyl side chains were found to form a fibrillar micro-phase separation with large diameter fibrils in bulk-heterojunction solar cells, which lowers the efficiency for charge generation and the PCE. [16] However, the solubility of DPP polymers Submitted to 3 can be effectively adjusted by variations in the conjugated backbone. When the DPP monomers were randomly copolymerized with two different conjugated segments [20, 21] or with an asymmetric conjugated segment, [ 22 ] the resulting DPP polymer lacks perfect translational symmetry along the chain and becomes well soluble in non-chlorinated solvents, such as toluene and tetrahydrofuran, while still affording high hole mobilities > 1 cm Here we focus on exploring new DPP polymers that can be solution-processed from non-chlorinated solvents for high performance FETs and PSCs. Our design strategy is based on the use of two different flanking aromatic substituents on the DPP monomer. For the synthesis of symmetrical DPP monomers, the two aromatic units, such as benzene, [23, 24 ] pyridine, [3,25 , 26 ] thiophene (T), [27, 28] furan, [16,29 , 30 ] 3-methylthiophene (MT), [31] thieno [3,2- b]thiophene (TT), [12, 32] selenophene, [33] and thiazole, [34, 35] are introduced using their nitrile derivatives via one-step reaction with diethyl succinate. By using two-step methods, asymmetric DPP monomers can be synthesized, affording structures like T-DPP-MT or T-DPP-TT (Scheme 1). Asymmetric DPP compounds have also been reported for dye-sensitized solar cells. [36, 37] In this work, we show the first example of asymmetric DPP polymers by incorporating two different aromatic substituents. The new DPP polymers, PDPPTT-2T and PDPPMT-2T (Scheme 1), possess a high molecular weight (> 100 kg mol -1 ) and small band gap, and show good solubility in toluene, but at the same time afford highly crystalline thin films. Processing either of the two polymers from toluene with diphenyl ether (DPE) as additive provides bottom gate -bottom contact (BGBC) configuration FETs with a hole mobility as high as 12.5 cm The synthetic procedures for the DPP monomers and polymers are presented in Scheme 1. Starting from the initial precursor, ethyl 5-oxo-2-(thiophen-2-yl)-4,5-dihydro-1H-pyrrole-3-carboxylate (1) [38] with thiophene as aromatic group, and using TT or MT based nitriles, the asymmetric DPP compounds 2 and 3 were prepared. After N-alkylation and bromination of 2 and 3, the asymmetric dibromo-DPP monomers 4 and 5 were obtained. The polymers PDPPTT-2T and PDPPMT-2T were synthesized via Stille polymerization, in which a Pd2(dba)3/PPh3 (1:4) catalyst and toluene/DMF (10:1) solvent mixture were applied to reduce the homo-coupling side reactions and achieve a high molecular weight. [ 39 ] Both polymers show good solubility in CHCl3. The polymers are also soluble in toluene, but form gel-like structures in 10 min. at room temperature (supporting information, SI, Table S1 ). This indicates that the two polymers are less soluble in toluene than in CHCl3. The molecular weight of the two polymers was determined by gel permeation chromatography (GPC) with oSubmitted to 5 DCB as eluent at 140 °C, as shown in supporting information (SI) ( Figure S1 ). Both polymers show a number average molecular weight (Mn) above 100 kg mol -1 and PDI around 2, which is comparable to analogous symmetric DPP polymers such as PDPP3T, [13] PMDPP3T, [31] and P1. [32] It is to be noticed that for both polymers, the repeating units can have two possible structures as shown in Figure S2 The optical band gap is similar to that of symmetric DPP polymers. [13, 31, 32] The two polymers have the same reduction and oxidation potentials of −1.31 and 0.00 V vs. ferrocene (Fc/Fc + ) respectively, as determined by cyclic voltammetry in o-DCB ( Figure S5 and Table S2 ). ( Figure S6 and Table 1 Figure S9 and Table S3 ). The morphology and crystal characteristics of the DPP polymer films were further investigated by atomic force microscopy (AFM) image and 2D grazing-incidence wide angle X-ray scattering (2D-GIWAXS), as shown in Figure 3 and Figure S10 Table S4 ). The distinct (010) diffraction peak in the in-plane direction of the PDPPTT-2T evidences π-π stacking (spacing: ~ 3.63 Å). PDPPMT-2T shows a less pronounced (010) diffraction peak also in the in-plane direction with a π-π stacking distance of ~ 3.9 Å and a low intensity (100) peak can also be observed. This indicates that PDPPMT-2T has less preferential order than PDPPTT-2T, although PDPPMT-2T shows a much higher hole mobility than PDPPTT-2T. High mobilities for less ordered organic semiconductors have also been reported in other high molecular weight conjugated polymers. [21, 40] Semi-crystalline conjugated polymers contain ordered and disordered regions in thin films For high mobility polymers it has been suggested that charge transport is predominantly occurring along the backbone and requires only occasional intermolecular hopping through short π-stacking bridges such that short-range intermolecular aggregation is sufficient for efficient long-range charge transport. [41, 42] Compared to PDPPTT-2T, PDPPMT-2T may show better aggregation in the disordered regions, explaining the higher mobility. (Table S9 and Figure S15 ). The photoactive layers were further investigated by 2D-GWAXS and transmission electron microscopy (TEM). Clear (100) and (200) similar to other DPP-fullerene blend films. [19] Because the radius of these polymer fibrils is on the order of the exciton diffusion length, most excitons will reach the donor/acceptor interface to generate charges and improve the PCE. in FETs due to their high crystallinity in thin films when processed from toluene/DPE solution. With the same solvent combination, photovoltaic devices based on these two polymers reach PCEs of 6.5% with a photoresponse up to 900 nm.
The results demonstrate that DPP polymers that have an asymmetry in the flanking aromatic substituents form a successful approach towards semiconducting materials that can be processed from non-chlorinated solvents, while maintaining a high performance in FETs and
PSCs.
Experimental Section
The organic field-effect transistors were fabricated on a commercial Si/SiO2/Au 
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Synthesis of the monomers and polymers
The synthesis of the monomer 4 and 5, and the polymers PDPPTT-2T and PDPPMT-2T is shown in Scheme 1. All synthetic procedures were performed under argon atmosphere.
Commercial chemicals were used as received. THF and toluene were distilled from sodium under an N2 atmosphere. [6, 6 ]-phenyl-C71-butyric acid methyl ester ([70]PCBM) was purchased from Solarmer Materials Inc. Ethyl 5-oxo-2-(thiophen-2-yl)-4,5-dihydro-1H-pyrrole-3-carboxylate (1) [S1 ] and thieno[3,2-b]thiophene-2-carbonitrile [S2 ] were synthesized according to literature procedures. 
2,5-bis(2-octyldodecyl)-3-(thieno[3,2-b]thiophen-2-yl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (6).
To a solution of 2 (0.6 g, 1.68 mmol), potassium carbonate (0.7 g, 5.04 mmol), and 18-crown-6 (10 mg) in DMF (30 mL) was added 2-octyldodecyl bromide (1.52 g, 4.2 mmol). The reaction mixture was stirred at 120 °C for 16 h and then cooled to room temperature. CHCl3 (100 mL) and water (100 mL) were added and the layers were separated. The organic layer was washed with brine and the solvent evaporated. The resulting solid was subjected to column chromatography (silica, eluent 
. 
3-(5-bromothieno[3,2-b]thiophen-2-yl)-6-(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (4).
.
3-(4-methylthiophen-2-yl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (3)
. Same procedure as for 2 was used, but now 1 (2 g, 8.4 mmol) and 4-methylthiophene-2-carbonitrile (1.25 g, 10.1 mmol) were used as the reactants. Yield: 2.2 g (83.3%).
2,5-bis(2-hexyldecyl)-3-(4-methylthiophen-2-yl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (7)
. Same procedure as for 6 was used, but now 3 (0.6 g, 1.9 mmol) and 2-hexyldecyl bromide (1.47 g, 4.8 mmol) were used as the reactants. 
Solubility test
Polymer solubility test was performed in CHCl3 and toluene with 5 mg mL The polymer was stirred and dissolved in CHCl3 and toluene at the corresponding temperature (90 °C for CHCl3 and 120 °C for toluene) and then cooled to room temperature without stir.
Notably, the polymers can be steadily dissolved in CHCl3 at 90 °C and toluene at 120 °C. 
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GPC
Molecular weight was determined with GPC at 140 °C on a PL-GPC 220 system using a PL- PDPPMT-2T.
DFT calculations
Density functional theory (DFT) calculations were performed at the B3LYP/6-31G* level of theory by using the Gaussian 09 program package. 
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Optical properties
Electronic spectra were recorded on a JASCO V-570 spectrometer. Jsc was calculated by integrating the EQE spectrum with the AM1.5G spectrum. 
